Cobalt-Nickel (Co-Ni) alloy coatings were prepared by jet electrodeposition on brass substrate under different Co 2+ /Ni 2+ ratio contents (M = 2:1, 1:1, 1:2 and 1:3) and solution flow rates (from 2.0 to 4.5 L/min). The surface morphology, element content, and phase structure of the coating were observed by scanning electron microscope (SEM), energy dispersive spectrometer (EDS), and X-ray diffractometer (XRD). The hardness and wear resistance of the coatings were also measured. The results showed that the Co content in coatings was greater than 70%, no matter at what flow rate and concentration. With an increase of the flow rate, the Co content in the coating increases, and the grain size on the surface of the coating decreases, which leads to increased hardness of the coating. However, the flow rate of the plating solution has little effect on the grain growth orientation, and the phase structure is dominated by the elemental content of the coating. The coatings are in a single phase of hexagonal close-packed (HCP) when the Co content is more than 80%, while the coatings are in dual phases of the HCP and face-centered cubic (FCC) when the Co content is less than 80%. With an increase in the Co content, the grain size decreases, and consequently, the hardness and wear resistance of the alloy increase. A Co-Ni alloy coating with stable composition can be obtained when the ratio of Co 2+ to Ni 2+ is 2:1.
Introduction
Electrodeposited cobalt-nickel (Co-Ni) alloy coatings usually have superior properties that are better than both pure Co and Ni metals [1] . The reason for this is its microstructure, which can be varied as a function of composition. The Co-Ni co-deposition is an anomalous process, in which the deposition of Co is preferred, while that of Ni is inhibited [2] . Therefore, the Co/Ni atom ratio in the coating is generally higher than the Co 2+ /Ni 2+ cation ratio in the plating solution. Ni-Co co-deposition is also a non-equilibrium one, and is controlled by the mass transfer of Co 2+ in the solution [3] . When Co content in the coating changes, the phase of coating's structure may change from HCP to FCC or HCP + FCC [4] , therefore showing dramatic variation in its properties. Coatings with HCP structure have better wear resistance than those with FCC structure, while coatings with FCC structure possess better corrosion resistance than those with HCP structure [5] [6] [7] . Therefore, Ni-Co coatings have found a wide range of applications, including in microelectromechanical system (MEMS) due to their good soft magnetic properties [8, 9] , or for surface protection due to their good resistance to corrosion, temperature and/or abrasion [10, 11] .
The sample substrate is made of brass sheet 24 mm in diameter and 6 mm thick. Before the electrodeposition, the surface of the sample is polished with an 800-mesh sandpaper, and is then electrochemically cleaned using a brush plating device.
The jet electrodeposition equipment consists of a direct current (DC) supply power (produced by Huake Elelctronic Equipment Co., Ltd.), a numerical control (NC) platform, an electrode plating solution reservoir, a spray gun, a control valve, a circulating pump and other units, as shown in Figure 1 . The nozzle of the spray gun has an internal diameter of 6 mm. The spray gun reciprocates linearly and travels at a velocity of 1.2 mm/s. The vertical distance from the bottom of the nozzle to the sample surface is 10 mm.
The total mass of CoSO 4 ·7H 2 O and NiSO 4 ·6H 2 O was fixed at 300 g/L, and the mass concentration ratio of Co 2+ :Ni 2+ was referred to as M. Four kinds of plating solution were prepared with M 2:1, 1:1, 1:2 and 1:3. Additionally, the solution was mixed with NaCl at 20 g/L and HBO 3 at 30 g/L to maintain a pH value of 3-4. Jet electrodeposition was conducted at room temperature with a current density of 40 A/dm 2 and varying the flow rate from 2.0 to 4.5 L/min. The Nova Nano 450 field emission scanning electron microscope (SEM) was used to observe the surface morphologies of the coatings. The content of Co and Ni in the coatings was measured using an Energy Disperse Spectroscopy (EDS). The DX-2700 X-ray diffractometer was used to analyze the phase structure of the coatings. The surface roughness of the coating was measured by a 2300A-RC profile roughness measuring instrument at a scan speed of 0.5 mm/s and a scan length of 8 mm. Dry wear test was also conducted on a MFT-R4000 high-speed reciprocating friction wear tester. The friction pair was a GCr15 steel ball with a diameter of 4 mm, and the wear scar length was 5 mm at 5 Hz frequency for 10 min. The wear volume was determined from the wear scars using an OLS4000 3D laser microscope. A Buehler automatic microhardness tester was used to measure the microhardness of the coating at 50 g load and 15 s duration. The average of five tests was taken for each sample.
The jet electrodeposition equipment consists of a direct current (DC) supply power (produced by Huake Elelctronic Equipment Co, Ltd), a numerical control (NC) platform, an electrode plating solution reservoir, a spray gun, a control valve, a circulating pump and other units, as shown in Figure 1 . The nozzle of the spray gun has an internal diameter of 6 mm. The spray gun reciprocates linearly and travels at a velocity of 1.2 mm/s. The vertical distance from the bottom of the nozzle to the sample surface is 10 mm. Figure 2 shows the relationship between flow rate and Co content in the coating. It can be seen that the Co content in coatings is greater than 70%, no matter at what flow rate and concentration. The highest Co concentration is up to 96% for M = 2:1 at 4.5 L/min flow rate, which shows a significant anomalous co-deposition. This is similar to what Gómez et al. observed. The formation of Co(OH) + in the vicinity of the cathode suppresses the passage of Ni 2+ but not the Co 2+ , so the precipitation of Ni is suppressed while the Co content is enhanced [20] . It is also found that the Co content in the coating increases with the increasing flow rate. This is because the jet electrodeposition is a non-equilibrium process, and the metal cations are controlled by the mass transfer in the liquid. Due to the cathode concentration polarization, the consumption rate of metal cations near the cathode is lower than the supplement rate of the ions. The flow rate of the plating solution will affect the mass transfer rate of Co 2+ and Ni 2+ in the jet electrodeposition, and an increase in the flow rate will help to reduce the concentration polarization. Therefore, the solution flow rate has a greater influence on the mass transfer rate of Co 2+ than that of Ni 2+ . The degree increase of Co content in the coating is different for different solutions. For M at 2:1, 1:1, 1:2, and 1:3, the Co content in the coating increased by 0.63%, 1.67%, 6.75%, and 8.54%, respectively. The larger the M value is, the smaller the Co content increase will be. Obviously, the influence on the mass transfer rate of metal cations is reduced when the concentration of Co 2+ in the solution is higher.
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reduce the concentration polarization. Therefore, the solution flow rate has a greater influence on the mass transfer rate of Co 2+ than that of Ni 2+ . The degree increase of Co content in the coating is different for different solutions. For M at 2:1, 1:1, 1:2, and 1:3, the Co content in the coating increased by 0.63%, 1.67%, 6.75%, and 8.54%, respectively. The larger the M value is, the smaller the Co content increase will be. Obviously, the influence on the mass transfer rate of metal cations is reduced when the concentration of Co 2+ in the solution is higher. Figure 3 shows the XRD patterns of the coatings obtained at different flow rates. The analytical results show that Co-Ni alloys are all solid solutions, with Co solvent and Ni solute. When the M of the plating solution is 2:1 or 1:1, the coating is in the structure of HCP (Co). The main diffraction pattern is (110), (100), (101), and the texture direction (110) of the coating does not change with the flow rates. When the M is 1:2 and the flow rate is 2.0 L/min, the (111) peak of the FCC structure appears, except for the diffraction peaks of the HCP. When M is 1:3 in the bath, the diffraction peaks of the FCC (111) can be found at many more flow rates. This means that both HCP and FCC coexist in these coatings. The main reason for the change of the coating structure with different flow rates is that the flow rate changes the Co content in the plating coating. When the M in the plating solution is 2:1 and 1:1, the Co content in the coating does not change significantly, so does the structure of coatings. When M is 1:2 and 1:3, the Co content in the coating is lower than 80%, and the coating coexists in two phases. Figure 3 shows the XRD patterns of the coatings obtained at different flow rates. The analytical results show that Co-Ni alloys are all solid solutions, with Co solvent and Ni solute. When the M of the plating solution is 2:1 or 1:1, the coating is in the structure of HCP (Co). The main diffraction pattern is (110), (100), (101), and the texture direction (110) of the coating does not change with the flow rates. When the M is 1: 2 and the flow rate is 2.0 L/min, the (111) peak of the FCC structure appears, except for the diffraction peaks of the HCP. When M is 1:3 in the bath, the diffraction peaks of the FCC (111) can be found at many more flow rates. This means that both HCP and FCC coexist in these coatings. The main reason for the change of the coating structure with different flow rates is that the flow rate changes the Co content in the plating coating. When the M in the plating solution is 2:1 and 1:1, the Co content in the coating does not change significantly, so does the structure of coatings. When M is 1:2 and 1:3, the Co content in the coating is lower than 80%, and the coating coexists in two phases. 
Phase Structure of the Coatings
Surface Morphology of the Coatings
Figures 4-7 show the surface morphology of the coatings under different solution flow rates. It can be seen that the grain sizes on surface decrease with the increasing flow rate. This change is more dramatic at higher M values. When M is 2:1 or 1:1, the surface of the coating is generally uniform and angularly conical tapered crystal at lower flow rates. As the flow rate of the plating solution increases, the grain size of the coating surface decreases slightly, and the surface becomes smoother. This trend is more obvious when M is at 1:1 than at 2:1. Since the Co content in the two plating baths is basically not affected by the flow rate of the plating solution, the plating solution flow rate has a direct effect on the plating surface. This is because the flow rate of the plating solution reduces the range of the diffusion layer on the surface of the cathode, which increases nucleation during deposition and leads to fine grains. In addition, at the same flow rate, the grain size of Co-Ni coatings obtained with M at 2:1 is smaller than that at 1:1. When M is at 1:2 or 1:3 in the plating solution, the variation of surface grain structure is more significant as the flow rate of the plating solution increases. This is because the Co content of coatings increases with the increasing flow rate, leading to decreasing grain size. Meanwhile, the increase of the flow rate reduces the thickness of the diffusion layer. At the same time, the kinetic regime may switch to a mixed or activation-controlled regime because of reducing mass transport resistance, and the surface of the Co-Ni coatings are further refined.
grain structure is more significant as the flow rate of the plating solution increases. This is because the Co content of coatings increases with the increasing flow rate, leading to decreasing grain size. Meanwhile, the increase of the flow rate reduces the thickness of the diffusion layer. At the same time, the kinetic regime may switch to a mixed or activation-controlled regime because of reducing mass transport resistance, and the surface of the Co-Ni coatings are further refined.
The variation of the coating surface with flow rate can be explained by mass transfer theory. According to diffusion mass transfer theory [21] , the diffusion thickness can be expressed as:
where δ is the thickness of the diffusion layer, Di is the diffusion coefficient, u0 is the tangential initial velocity of the liquid flow, μ is the dynamic viscosity coefficient, and y is the distance from a point on the surface of the cathode to the impact point y0. For the same plating solution, increasing the flow rate of the plating solution can reduce the thickness of the diffusion layer, which is beneficial to the limited current density of the electrodeposition and also the cathode overpotential [22] . The size and number of nuclei are controlled by overpotential and can be expressed by Kelvin's electrochemical formula [23] :
where τ is the radius formed by the critical nucleus, ε is the surface energy, V is the atomic volume in the crystal, Z is the elementary charge, and η is the overpotential. It can be seen from the Kelvin formula that when there is a high overpotential, a small crystal nucleus can be formed. Therefore, an increase in the flow rate of the plating solution facilitates the formation of a small crystal nucleus, whereby the size of the crystal grains is reduced, and the structure is refined. 
Surface Roughness of Coatings
To further verify the influence of the plating flow rate on the surface texture of the coatings, the surface roughness of the coating was measured. Figure 8 shows the relationship between the surface roughness of the coatings and the flow rate of the plating solution. It can be seen that the surface roughness of the coatings obtained by the four plating solutions decreases with the increase of the flow rate of the plating solution. This indicates that the increase of the flow rate of the plating solution makes the surface structure of the plating layer finer and smoother. When the M value in the plating solution is higher, the surface roughness of the plating layer is relatively lower under the same plating solution flow rate. When the M value in the plating solution is 2:1, the surface roughness of the plating layer is the lowest, which is consistent with the change of the observed surface morphology. It is obvious that the higher the Co content in the coating is, the smother the surface of the coating will be. The variation of the coating surface with flow rate can be explained by mass transfer theory. According to diffusion mass transfer theory [21] , the diffusion thickness can be expressed as:
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where δ is the thickness of the diffusion layer, D i is the diffusion coefficient, u 0 is the tangential initial velocity of the liquid flow, µ is the dynamic viscosity coefficient, and y is the distance from a point on the surface of the cathode to the impact point y 0 . For the same plating solution, increasing the flow rate of the plating solution can reduce the thickness of the diffusion layer, which is beneficial to the limited current density of the electrodeposition and also the cathode overpotential [22] . The size and number of nuclei are controlled by overpotential and can be expressed by Kelvin's electrochemical formula [23] :
where τ is the radius formed by the critical nucleus, ε is the surface energy, V is the atomic volume in the crystal, Z is the elementary charge, and η is the overpotential. It can be seen from the Kelvin formula that when there is a high overpotential, a small crystal nucleus can be formed. Therefore, an increase in the flow rate of the plating solution facilitates the formation of a small crystal nucleus, whereby the size of the crystal grains is reduced, and the structure is refined.
Surface Roughness of Coatings
To further verify the influence of the plating flow rate on the surface texture of the coatings, the surface roughness of the coating was measured. Figure 8 shows the relationship between the surface roughness of the coatings and the flow rate of the plating solution. It can be seen that the surface roughness of the coatings obtained by the four plating solutions decreases with the increase of the flow rate of the plating solution. This indicates that the increase of the flow rate of the plating solution makes the surface structure of the plating layer finer and smoother. When the M value in the plating solution is higher, the surface roughness of the plating layer is relatively lower under the same plating solution flow rate. When the M value in the plating solution is 2:1, the surface roughness of the plating layer is the lowest, which is consistent with the change of the observed surface morphology. It is obvious that the higher the Co content in the coating is, the smother the surface of the coating will be.
To further verify the influence of the plating flow rate on the surface texture of the coatings, the surface roughness of the coating was measured. Figure 8 shows the relationship between the surface roughness of the coatings and the flow rate of the plating solution. It can be seen that the surface roughness of the coatings obtained by the four plating solutions decreases with the increase of the flow rate of the plating solution. This indicates that the increase of the flow rate of the plating solution makes the surface structure of the plating layer finer and smoother. When the M value in the plating solution is higher, the surface roughness of the plating layer is relatively lower under the same plating solution flow rate. When the M value in the plating solution is 2:1, the surface roughness of the plating layer is the lowest, which is consistent with the change of the observed surface morphology. It is obvious that the higher the Co content in the coating is, the smother the surface of the coating will be. Figure 9 shows the cross-sectional morphology of the coatings with different mass concentration ratios of Co 2+ :Ni 2+ at a solution flow rate of 2.5 L/min. As seen from the results, the cross-section of each coating is dense and there are no gaps or bubbles between the interface of the coating and the substrate. When M is 2:1 and 1:1, as shown in Figure 9a ,b, the uppermost edge of the coating is quite smooth, without any significant protrusions. When M in the plating solution is 1:2 and 1:3, as shown in Figure 9c ,d, the surface of the plated layer becomes irregular and serrated. The profile of the cross-section morphology is similar to that of the surface morphology. This is attributed to the high content of Co in the coating, which generates the fine grains and relatively smooth surface of the coating.
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Appl. Sci. 2019, 9, x FOR PEER REVIEW 8 of 11 Figure 9 shows the cross-sectional morphology of the coatings with different mass concentration ratios of Co 2+ : Ni 2+ at a solution flow rate of 2.5 L/min. As seen from the results, the cross-section of each coating is dense and there are no gaps or bubbles between the interface of the coating and the substrate. When M is 2:1 and 1:1, as shown in Figure 9 a,b, the uppermost edge of the coating is quite smooth, without any significant protrusions. When M in the plating solution is 1:2 and 1:3, as shown in Figure 9c ,d, the surface of the plated layer becomes irregular and serrated. The profile of the crosssection morphology is similar to that of the surface morphology. This is attributed to the high content of Co in the coating, which generates the fine grains and relatively smooth surface of the coating. Figure 10 shows the variation of the microhardness of the coatings obtained with different concentration ratios of Co 2+ :Ni 2+ and solution flow rates. It can be seen that the microhardness of the Figure 10 shows the variation of the microhardness of the coatings obtained with different concentration ratios of Co 2+ :Ni 2+ and solution flow rates. It can be seen that the microhardness of the coatings generally increases with the increasing flow rate. The microhardness for M = 2:1 is the highest (about 420 @ (HV)) for all flow rates, and the microhardness for M = 1:3 is the lowest for each flow rate. There is only a small change for M = 2:1 or 1:1, but a large change for M = 1:3. The microhardness of the coating is mainly related to the content of the elements and the grain size in the coating [19] . In Co-Ni alloy coatings, the presence of Ni element plays an important role in solid solution strengthening. The increase of the plating solution flow rate decreases the content of Ni in the coating, which leads to the reduction of the solid solution strengthening. On the other hand, the decrease of the Ni content makes the grain size of the coatings smaller, leading to the enhancement of the dominating fine grain strengthening. This dominated grain strengthening mechanism of the coating can explain the higher microhardness for M = 2:1 or 1:1. As the grain size for M = 1:2 or 1:3 decreases significantly with the increasing flow rate, there is a relatively large change in the microhardness of the coating.
Microhardness and Wear Volume of the Coatings
Appl. Sci. 2019, 9, x FOR PEER REVIEW 9 of 11 are not obvious, so that the wear volume of the coating changes little. When M is 1:2 or 1:3 in the plating solution, the increase of the flow rate of the plating solution increases the Co content in the coatings, and the grain of the coatings are obviously refined, the surface roughness is reduced, and the microhardness is increased, so the wear volume of the coating is reduced and wear resistance is improved. Figure 11 shows the wear volume of coatings prepared with different mass concentration ratios of Co 2+ :Ni 2+ and solution flow rates. It can be seen that the wear volumes are relatively small for all coatings, except for M = 1:3. The coating with M = 2:1 has the highest wear resistance among all coatings. The wear resistance decreases gradually with the increasing Co 2+ :Ni 2+ ratio. There is also a decreasing trend in the wear volume with the increasing flow rate for all coatings. In general, the trend of wear volume variation is inversely correlated with the microhardness variation of the coating. It can be seen that the wear volume of the coating is affected by the element content, microhardness, and surface microstructure of the coatings. Figure 10 shows the wear volume of coatings prepared with different mass concentration ratios of Co 2+ :Ni 2+ and solution flow rates. It can be seen that when M = 1:2 or 1:3, the wear volume of the coating remains largely unchanged. When M is 1:2, the wear volume of the coating decreases slightly. When M is 1:3, the wear volume of the coatings is high, and the wear volume of the coating decreases rapidly. Therefore, the wear volume of the coating is affected by the element content, microhardness, and surface microstructure of the coatings. When M is 2:1 or 1:1 in the plating solution, the increase of the flow rate of the plating solution does not substantially change the element content of the coating, and the decrease in the crystal size of the coatings and the reduction in the surface roughness are not obvious, so that the wear volume of the coating changes little. When M is 1:2 or 1:3 in the plating solution, the increase of the flow rate of the plating solution increases the Co content in the coatings, and the grain of the coatings are obviously refined, the surface roughness is reduced, and the microhardness is increased, so the wear volume of the coating is reduced and wear resistance is improved. Figure 11 shows the wear volume of coatings prepared with different mass concentration ratios of Co 2+ :Ni 2+ and solution flow rates. It can be seen that the wear volumes are relatively small for all coatings, except for M = 1:3. The coating with M = 2:1 has the highest wear resistance among all coatings. The wear resistance decreases gradually with the increasing Co 2+ :Ni 2+ ratio. There is also a decreasing trend in the wear volume with the increasing flow rate for all coatings. In general, the trend of wear volume variation is inversely correlated with the microhardness variation of the coating.
It can be seen that the wear volume of the coating is affected by the element content, microhardness, and surface microstructure of the coatings. Figure 11 shows the wear volume of coatings prepared with different mass concentration ratios of Co 2+ :Ni 2+ and solution flow rates. It can be seen that the wear volumes are relatively small for all coatings, except for M = 1:3. The coating with M = 2:1 has the highest wear resistance among all coatings. The wear resistance decreases gradually with the increasing Co 2+ :Ni 2+ ratio. There is also a decreasing trend in the wear volume with the increasing flow rate for all coatings. In general, the trend of wear volume variation is inversely correlated with the microhardness variation of the coating. It can be seen that the wear volume of the coating is affected by the element content, microhardness, and surface microstructure of the coatings. When M is 2:1 in the plating solution, the coating has a high Co content and fine grain for all flow rates, so the wear resistance is high and there is no substantial variation among the coatings. For M = 1:3 in the plating solution, there is a large variation in grain size, surface roughness, and microhardness as the flow rate changes, and similar for the wear resistance of this coating. It can be seen that the flow rate plays a significant role in the performance of Co-Ni coatings by jet When M is 2:1 in the plating solution, the coating has a high Co content and fine grain for all flow rates, so the wear resistance is high and there is no substantial variation among the coatings. For M = 1:3 in the plating solution, there is a large variation in grain size, surface roughness, and microhardness as the flow rate changes, and similar for the wear resistance of this coating. It can be seen that the flow rate plays a significant role in the performance of Co-Ni coatings by jet electrodeposition, and that high-quality flow-independent Co-Ni coatings can be obtained when Co 2+ /Ni 2+ ratio in the solution is 2:1.
Conclusions
Co-Ni alloy coatings were prepared by jet electrodeposition on brass substrate under different Co 2+ /Ni 2+ ratio contents (M = 2:1, 1:1, 1:2 and 1:3) and solution flow rates (from 2.0 to 4.5 L/min). The influence of Co-Ni content and flow rate of the plating solution on the coating morphology and mechanical properties was investigated. Following are the main conclusions of the present studies (1) Increasing the flow rate of the plating solution reduces the concentration polarization of the cathode, so that the Co content in the coating increases accordingly. The range of increase is affected by the ratio of the main salt concentration of Co and Ni. If the ratios of Co 2+ /Ni 2+ in the plating solution are 2:1, 1:1, 1:2, and 1:3, the change ranges of Co content are 0.63%, 1.67%, 6.75%, and 8.54%, respectively, when the flow rate changes from 2 to 4.5 L/min. (2) The surface morphology of the coating is determined by the flow rate of the plating solution.
When plated at a higher flow rate, the coatings have a higher Co content, with a smaller grain size and a denser structure. The phase structure of the coating is mainly determined by the content of Co in the coating. The flow rate of the plating solution changes the Co content in the coating, so does the phase structure of the coating. When the Co content is more than 80%, the coating is a single HCP structure. When the Co content is less than 80%, the coating has a structure with both HCP and FCC coexisting. (3) The mechanical properties of the coating are mainly determined by the grain size. The coating with higher Co content has a smaller grain size, higher hardness, and stronger wear resistance. The increase of the flow rate increases the Co content in the coating, reducing the grain size of the coating, increasing the hardness of the coating, and decreasing the wear volume.
